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Introduction
Loss of strength due to adhesion failure associated with the presence of moisture in asphalt concrete pavements motivated many researchers to investigate the nature of the adhesive bond between aggregate and asphalt cement. Theoretical concepts of adhesion cited in the literature include mechanical, chemical reaction, molecular attraction, and interfacial energy theories. In spite of these and other theoretical developments, quantification of stripping potential prior to the mixture design stage remains difficult. Current laboratory methods for the prediction of stripping susceptibility of asphalt concrete mixtures are inadequate. Existing adhesion theories do not identify all the factors governing the bond performance. One major deficiency has been the inability to describe bond performance with temperature changes. The bond between asphalt and aggregate has been considered constant and any drop in the bond strength has been related to the influence of stripping. aggregate bond characterization. The asphalt-aggregate interaction with temperature changes and the development of thermally induced stresses at low temperatures are described. The concept can be incorporated in prediction models dealing with low-temperature performance and moisture-associated damage.
Differential thermal expansion and contraction
The new approach recognizes the problems of thermal incompatibility between the asphalt cement and the mineral aggregates. Table I shows typical values of the coefficients of thermal expansion of aggregates and asphalt cement. Owing to the considerable difference in these coefficients, it is hypothesized that the asphalt matrix will tend to contract more than the aggregate during thermal cooling. The asphalt matrix is defined here as the mixture of asphalt cement, sand, and other fines. Since contraction of the asphalt matrix during thermal cooling is limited by aggregate contraction, a contact pressure will develop at the aggregate-asphalt matrix interface. It has long been known that at low temperatures asphalt performs basically as a brittle elastic solid. Therefore, the contact pressure produced This paper introduces a new approach to asphalt-NOTE: Written discussion of this paper is welcomed and will be received by the Editor until October 31, 1993 (address inside front cover). 
hy differential contraction will result in radial and tangential stresses in the asphalt matrix surrounding an individual aggregate particle. These stresses are not expected to relax through flow as in the case of high temperatures. As a result, the asphalt matrix around the aggregate will be under tension, as shown in Fig. I . With further cooling, the tangential stresses will continue to increase and at some point may exceed the fracture strength of the matrix. The following section will describe the state of stress resulting from differential contraction during thermal cooling as estimated by an analytical model.
Analytical investigation
Because of a lack of information on the properties of asphalt matrix, a mechanistic model was developed to investigate the influence of thermal incompatibility in a simplified geometry shown in Fig. 1 (El Hussein 1991) . A number of simplifying assumptions were used:
(i) At sufficiently low temperature, bitumens will perform as an elastic solid, i.e., no stress relaxation through creep or flow.
(ii) The state of stress was analyzed for a single spherical aggregate particle surrounded by a mixture of asphalt cement, sand, and other fine material used as filler (matrix). Therefore, the assumed system consists of two spheres where the aggregate particle occupies the core of the larger sphere, as shown in Fig. I .
(iii) Uniform temperature distribution was assumed, since the volume investigated was small.
(iv) The coefficient of thermal contraction and the Poisson's ratio were assumed constant within the investigated temperature range.
The following formula was derived, based on the work done by Timoshenko and Goodier (1951) , to calculate the contact pressure, P, at the interface due to differential contraction during thermal cooling. The full derivation for the equation is in El Hussein (1991) . (2a
where a is the radius of aggregate particle and b is the radius of the larger sphere. Based on the developed theoretical model, the tangential stress, u,, and the radial stress, "•· at the interface can be calculated using the following formulas:
Applications Static indirect tensile strength test procedure, described by Kennedy (1977) , was used to determine the elastic modulus and strength values (El Hussein 1991). A 0.1 mm/min loading rate was used to test cores recovered from a newly constructed pavement section. The elastic modulus was determined for each 5.5°C (10°F) temperature interval, tlT. The elastic modulus and indirect tensile strength values are given in Table 2 . These values were then used to calculate the contact pressure and the tangential stresses due to thermal cooling between l0°C and -30°C, using [1]-(4]. The results are given in Table 3 . A constant value of the coefficient of thermal contraction was used throughout the investigated temperature range. This value depends on the proportions of the asphalt matrix components. An aggregate radius, a, of 13 mm and various asphalt matrix thicknesses ((b -a) from I .3 to 6.3 mm) were used to calculate tangential stresses in the matrix, as shown in Table 3 . Figure 2 shows the relationship between tangential stresses and temperature as estimated in Table 3 . Experimentally determined values of indirect tensile strength, from Table 2 , were also plotted in the same figure. From Fig. 2 it is clear that tangential stresses may exceed the mix tensile strength at relatively low temperatures. A thin asphalt matrix cover results in higher tensile stresses and the mixture will be more vulnerable to localized damage if exposed to the assumed temperature condition.
Results from the above parametric analysis performed using calculated stress values can be used to explain many of the observations made in the past concerning lowtemperature performance and adhesion failure due to stripping.
Low-temperature performance
The performance of asphalt concrete mixtures at low temperatures received considerable attention in the early 1960s and 1970s. Attempts were made to predict the critical con- dition when cracks may develop due to low temperatures (Haas and Phang 1988; Ruth eta/. 1982; Monismith e/ a/. 1985) . These studies related cracking susceptibility to the increase in stiffness of the asphalt concrete and (or) asphalt cement. One common observation which has not yet been explained involves the drop in the tensile strength of laboratory-prepared samples and field cores, after peaking, at very low temperatures. Figure 3 shows a typical tensile strength-temperature relationship (C.G.R.A. Ad Hoc Committee 1970). Thermally induced tensile stresses, developed as a result of differential contraction during thermal cooling, can result in such behaviour when tangential tensile stresses exceed the matrix strength. Localized damage in the form of hairline cracks, similar to that shown in Fig. 4 , and resulting from high tensile stresses, may result in reducing the mix resistance to externally applied loads.
Moisture-associated damage (stripping) Based on the definition of the problem of stripping, the strength of the adhesive bond determines the mixture resistance to separation. Differential thermal contraction, as explained earlier, may influence the bond performance as a result of the state of stress developing at the asphalt matrix-aggregate interface due to temperature changes. One of the following mechanisms will dominate as a result of thermally induced stresses:
(i) High thermally induced tensile stresses, exceeding the strength of the asphalt matrix, result in localized damage in the shape of hairline cracks in the matrix similar to that shown in Fig. 4 . Such cracks not only may reduce the material resistance to externally applied loads, but also expose the interface to water penetration from water accumulating in air voids. Locating the water path to the interface is of great significance to efforts seeking a solution to the problem of stripping. Initiation of cracks at low temperatures and penetration of water through these cracks to the aggregate-matrix interface at temperatures above freezing Flo. 4. Localized damage caused by thermally induced stresses. may trigger stripping. This mechanism explains the effect of freeze-thaw cycles on asphalt concrete. In the past, investigators found it extremely difficult to explain why freeze-thaw cycles, used for conditioning of samples, produce more stripping damage than warm water soaking (Parker and Garaybeh 1988) .
(ii) If the increase in tangential tensile stresses, initiated by differential contraction, is not enough to cause internal cracks, then the change in state of stress will result in an improved bond strength. In the past, the rapid increase in stability with decreasing temperature has been related totally to the increase in the stiffness of the mixture. Improved strength after moisture conditiong could not be explained accurately. Such an improvement was thought to be due to a hydration process similar to that of Portland cement concrete (Gilmore eta/. 1984) . However, tensile strength (and by inference indirect tensile strength) is a function of both adhesion and cohesion. The increase in radial compressive stresses due to an increase in the contact pressure caused by differential thermal contraction explains how adhesion may be improved during thermal cooling, leading to higher tensile strength. The compressive radial stresses contribute to the mixture's resistance to separation at the asphalt matrix-aggregate interface, leading to less damage due to stripping.
Experimental investigation
The main objective of the experimental program was to investigate the effect of temperature changes on bond performance. The tests were originally performed as part of a study investigating moisture-associated damage, with concentration on temperature changes and compaction techniques as factors affecting mixtures resistance to stripping (EI Hussein eta/. 1991 , 1992 . Exposure to low temperature was limited to two levels (2°C and -30°C), Temperature conditioning in the warm range was also needed to prove that the influence temperature covers the whole range experienced in the field. Therefore, temperature conditioning included exposure to 18, 43, and 60°C. Indirect tensile strength tests were used to estimate the loss or gain in bond strength following temperature conditioning of partially saturated cores recovered from the field. To eliminate the effect of faults initiated during compaction, which is a problem associated with compaction using conventional steel rollers, a prototype of the new asphalt multi-integrated roller (AMIR) (Svec and Abd El Halim 1991) was used to compact separate sections of the field trial. This new compaction technique produces compacted surfaces free from constructioninduced cracks, as explained in a number of publications (Selvadurai 1990; Liljedahll990) . The field test sections were constructed on the campus of the National Research Council of Canada (NRC), Ottawa. The recovered cores were vacuum saturated (36 em mercury) and soaked in a water bath at the specified temperatures for a 2-day period. The -30°C group was stored in an environmental chamber after saturation and wrapping of cores in plastic sheets. All cores were then moved to a water bath at room temperature for 2 hours prior to loading. The results of the indirect tensile strength test are given in Table 4 . Other sets of cores from the same section were also exposed at the same conditions for a 14-day period and the results are given in Table 5 . All indirect tensile strength tests were performed at room temperature (24 °C).
Three freeze-thaw cycles were also used for the conditioning of other sets of cores. Cores of these sets were vacuum saturated at room temperature prior to application of freeze-thaw cycles. Each cycle included freezing the wrapped cores (-30°C) for 20 hours followed by thawing at various temperatures. The thawing temperatures included 18, 24, 30, and 60°C. Different thawing temperatures were used in order to compare the effect of the previously described conditioning method with the effect of freezethaw cycles. The indirect tensile strength test results following this conditioning procedure are given in Table 6 .
Results and discussion The relationship between the normalized values of indirect tensile strength and soaking temperature for the 2-and 14-day soaking periods is shown in Fig. 5 . From the fignre, the effect of thermal cooling after the 2-day exposure duration was an increase in the strength of the cores exposed to temperatures below freezing. Cores exposed to -30°C showed an 11.8o/o increase in strength compared with the unconditioned group. Above room temperature, the strength of soaked cores decreased with a maximum drop of 23% due to exposure to 60°C conditioning temperature. The performance of the mix was approximately linear between the two extreme temperatures. This result clearly indicates the sensitivity of the bond, as reflected by tensile strength, to temperature changes. The increase in strength with decreasing temperature indicated that the net effect of thermal cooling was an improved bond as a result of increased radial compressive stresses caused by differential contraction. The effect of thermal cooling at -30°C for a 14-day exposure period (Fig. 5) was a 6% drop in the strength of the cores as compared to the 11.8% increase after a 2-day exposure period. This change in behaviour indicates that the net effect of differential contraction after continued exposure results in internal damage in the asphalt matrix, exceeding the gain from radial compression around individual aggregate particles. After exposure to high temperatures for 14 days the indirect tensile strength test results indicate loss of bond. A high degree of stripping was visually observed at the failure surface of the cores after testing. Differential thermal expansion had the effect of relaxing the compressive stresses, thus leading to less resistance to stripping. At these higher exposure temperatures the process is more complex, since asphalt flow also contributes to the physical changes inside the cores. Structural changes in the bituminous cover around aggregate caused by exposure to high temperature (60°C) also contribute to the deterioration of the adhesive bond (El Hussein 1991) .
The influence of the moisture and temperature conditioning described above may be summarized as follows:
(i) Exposure of cores to a low temperature for an extended period resulted in a decrease in strength. The decrease is attributed to internal damage in the cores caused by differential contraction, as described in the analytical approach.
(ii) Exposure to low temperatures for short periods resulted in an improved strength, indicating improvement in the asphalt matrix-aggregate bond. The increase in bond strength is attributed to an increase in radial compressive stresses caused by differential contraction. The short period seems to reduce the probability of propaglltion of thermally induced cracks.
(iii) Exposure of cores to warmer temperatures resulted in less strength as a result of reduced bond strength caused by differential thermal expansion, regardless of the duration of exposure. Reduced bond strength led to less resistance to stripping damage.
Freeze-thaw
The other factor discussed in the analytical approach concerns the influence of thermally induced cracks, caused by differential contraction, on the stripping resistance of asphalt concrete. Figure 6 shows the relationship between indirect tensile strength and thawing temperature. The results of the 2-day exposure period are also plotted for compari· son. It is clear that freeze-thaw cycles produced more stripping damage as estimated from the indirect tensile strength test results. This increase in stripping was verified by visible inspection of the failure surface. The difference in performance between the two conditioning methods may be attributed to the localized damage inflicted by the freezing part of the cycle. Cracks initiated by differential thermal contraction during the freezing process acted as a route for water to flow freely into the interface. The presence of water will enable stripping to recommence at the beginning of the warm part of the cycle and progress more rapidly.
Conclusions and recommendations
(i) The results of the analytical and experimental investigation verified the hypothesis that differential thermal contraction and expansion influence the performance of the aggregate-asphalt bond as a result of temperature changes. Differential contraction improved the bond in the short exposure period and caused internal damage after the long exposure period. Differential thermal expansion led to a reduced bond strength throughout the warm temperature range.
(ii) The performance of the aggregate-asphalt matrix system, described by the concept of differential contraction and expansion, explains previously reported behaviour of asphalt concrete mixtures when exposed to temperature changes. These include the following: (a) The observed drop in indirect tensile strength after peak· ing dnring thermal cooling. Localized damage, caused by high tensile stresses, reduces the mix resistance to externally applied loads. (b) The significant reduction in the mix strength caused by stripping after freeze-thaw cycles compared with simple soaking is the result of cracks initiated by differential contraction. These cracks are capable of delivering sig· nificant amounts of water to the aggregate-asphalt interface.
(iii) The performance of the identified subsystems (aggregate particles, asphalt matrix) must be investigated and physical as well as mechanical properties must be determined accurately throughout the pavement service temperature range. Accurate properties will improve the ability of the analytical model in estimating thermally induced stresses.
